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LASTRAST 


The purpose of this study was to begin an investigation of the 
pressure dron in flow through helical soiis. in general, the proced- 
ure followed was to define the governins parameters and then to isolate 
the effect of each on the pressure drop. ‘The pressure drop was essumed 
to depend unon the length of the tube, the inside dianetor of the tube, 
the dianeter of the heiix, the row 'hness of the inside of tho tube, 
end reynolds number. Variation of vressure drop with change in diane 
eter of the tube was not investigated. “lve different lencts of 
plastic tubing were tested separately on five helices of difforent dien- 
eters at seynolds numbers from 3,000 to 100,900 to study the effects of 
length and helix diameter. Twelve steel coils of different inside roughe 
nesses were tested over the game Reynolds number ranze to obtain tne 
effect of roughness on pressure drop. 

The reSults of the investigation indiceted that pressure drop 
in @ helical coil is lineerly dependent on length, is only slightly 
affected by roughness, and is a function of both ‘eynolds nunber and 
diameter of helix as indicated in the ettachd curves. vYhese conclusions, 


of course, hold only for the limited field covered by the investiration. 
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The use of regenerative cooling in rocket motors has emphasized 
the lack of experimental data concerning the pressure crop in helical 
collse All standard texts in Pluid :echanios deal at lencth with 
pressure drop through straight conduits and pressure dro: for flow 
around bendse ‘ho existing data on flow around bends, however, nor- 
mally covers only bends up to 70 desrees and vipe sizes -iany times 
jee al@aover Of Ghe tubing for wsicn inforzation 1s desirec in cone 
nection with rocket coolincz. 

The present investigation was underteken as the besinn ng of the 
detailed collection of informaticn concerning the pressure drop in 
helical coils in the tose of providing a concrete basis upon wiich 
the design engineer could make intelligent estimates of the pressure 
losses. 

An attempt was made to isolate all the veriables involved in 
order to discover quantitatively the factors contributing to the 
increase in pressure drop in a helical coil over that in a straight 


tube e 


In this investigation 1t was.assumed thst the rressure drop 
in a helical coil was sovs function depending on the length of the 
tube, L, the inside dianeter of the tuba, dy, ths diameter of the 
helix, 3;, the inside rouzhness, r, 2nd the eynolds number, Ra. 

Tne first series of tests was designed to investigate the 
effects of roughness on pressure droo in a helics! coil, To tnis 
end, twelve ten foot lengths of stsinless steel tubing, one h-lf 
inch nominal outside diameter, were sandblasted to various inside 
roughnesses. These tubes were tested straight and then bent into 
helices of the same diameter end tested at verious Reynolds numbers. 
(See Table I for test configuretions). In this manner all of the 
verilables with the excertion of r’and Re vere heid ag constant as 
the fabrication technique would allow, As indicated in Table I there 
‘vas some variation in d, beceuse of the f-ct that the tubes were out 
of stock end not mschined, and some varistion in De beceuss of the 
springback in the helices after they were bent. 

The tubes were sendbdlasted by *The Sandbdiaster's Studio’ of 
Los Angeles. A svecial nogzle was designed by this company for 4 
hose small enough to fit inside the steal tuding. Ths hose was in- 
serted through the steel tude and then withdrawn at a steady rate 
during the blsesting omerction, The direction of withdrawal was then 
reversed in order to make the roughness as uniform as vossible 
trroughout the leneth of the tubing. Different 3ize grit wes used 
for different roughnes:es, it -2s desired to vary the roughness 


bdbstrreen the tubes as uniformly as nossible from 10 to 100 microinches. 


The values obtained, as measured on a profilloneter, ere listed al 
Table I. The distribution was not very uniform; nowever, it was do- 
cided to test the specimens anyiay, inasmuch as there was ean ap- 
precioble roughness spread detrsen the smoothest and roughest tube. 

The technique for bending the satesl tubing into helices vas 
as follows. The inner surface of the tubines was coated with Licht 
machine of] and the entire tube was heated in bollingc rater. he 
tube vas then filled with a molten, low-bolline point metal, “*erro- 
sata", wiile still in the hoating bath. After the tube cooled, it 
was formed by hand into a helix, using e cylinder of the desired 
Giameter for the coiling process. The helix was then enpticd of the 
Cerrosafe by heating with a blowtorch. Remnants of the Yerrosafe 
were then further removed by a stean jet. The tubes were woighed 
before end after the collins operation to insure that no particles 
of Cerrosafe remained in the helices. There were no evidsnzes of 
residual Cerrosafe. 

the second set of tests was designed to holé roughness constant 
and to vary the remaining peremeters. Tor these tests « -lastic 
tubing cailed “*“Jescolite’ was chose. This tubin~ had ea nominal 
oneehalf inch outside diameter and ehout a 0.35 inch wali thicke- 
nesse Hy usins the saw niece of tublne for the renalininc tests 
the roughness and inside diameter of 
tengtn, diameter of helix, anc Reynolds nwaber sere varied. ‘or the 
purpose of varying helix diameter, five woode:. manirels were con- 


structed of different diameters, oac’ having e one-half insh wide 


tie tubing were ‘old constcas #23 
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by oneehalf inch deep helix eut into then. (fig. 1). Pwenty-five 
runs were mode using the five helix dieaneters and five different 
longths. (gee fable II for test configuretion3). 

Before the Joscolite vas accepted for use it «<5 staticaliy 
tested to determine to whet extent 1t would expand under pressure. 
Thig was quite an inoortent consider:tion vhon it 13 remembered that 
pressure loss in a straight conduit is inversely uro orticnal to ths 
product of the nydraulic diametor and the squre of tna cross gectional 
area, The tubing ms wound in an unsu>srorted helix of four inches 
dianeter and then st-tically tested uw to a cressure of 200 }.5.i. 
ith tno rreszure et 125 ,.3.1. or less the exnansgion was negligible. 
Tie naximum static pressure durin: the runs wss 12C ..3.i. at the uv- 
strea.. end of the tubing. To investigate tne distortion in the shape 
of the tubing dus to yvindine, the ratio of the major and ssinor axes 
(assumins the tube to be in the shape of an ellipse) was recorded with 
no pressure on the four inch helix. This ratio w:s found to be 1.10. 
Jaing this ratio, tne error between hydraatlic redius of the eriinse 
aad redius of a circle ef equal serimeter wos comcuted to 36 oaly 
four tentnis of one ner cent. Wits pressure in the Jescolite end vith 
t.e tuoing ‘round in the helical grooves tnis error snould be save.. less. 
anus tne lastic tubing vas considered to ve circular in cros; section 
end rigid in dimensions throughout ts tastes. 

2ne inside diemster of the ,-l-stic tubine vas roasurad by measuring 
tre outsiie dLameter of a rie-e of aluminum rod m-chined to fit anugly 
in the sescolite, This dimension was checked 2t both ends of the tubing 


after each cut vas m-de «nd did not vary throughout the tests. 
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The test setup is shown schematically in tige 2, while 
photorraphs of the equipment are shown in “ire. 3, 4, and 5. 
opandard equipment was used with the exceantion of the test specie 
mens and the wooden helices praviousl: described. Yhe test fluid 
wes water. 

In eeneral, the test procedure was as follows: (1) Ustablish 
a flow rate, (2) Measure end record a differcnsial pressure, (3) 
Simultaneously obtain fiow rate by weighine a mess of water during 
@ specific time interval, (4) heasure and record tenpe ‘rnture of 
water. From these reoorded data and specimen dimensions, the quan- 
tities Re and f, were calculated. 

Three methods of pressure measurement were used to obtain max- 
imum accuracy over all ranges of pressure drop. The first pressure 
measurensnts at low flow rates were made on a ten foot water man- 
ometer. Mensurements wore then shifted to a ten foot meroury man- 
ometer. At hizh rates of flow, above the rence of tho tvo mananeters, 
two pressure fauces were used. in all runs, overlapv~ing readings of 
the pressure measurin~ devices were made to insure continuity in the 
data when a suift of instrmmoent vas made. fn all cases tr arree- 
ment at tne Sniift polnt was excellent. 

The test vrocedure was deSiened to furnish a curve of friction 
factor, f, versus “oa for a straight section of test tubine whien 
could be compared with a curve of f, versus “e for the corresnonding 


coiled tube. 


tn both the stee2 and the risstic tests it was desired to 
isolate tue pressure drop througr t10 coiled portion of the test 
Svecimons in order t) obtain ereater acourecy in the comparison 
of resuits. This required the subtrection or the pressure drop 
in the straight sections of tubing loading in and out of the coll 
from the total pressure drop msasured. or eacr steel specimen and 
for the single plastic specimen a one foot straight longth vas 
tested and curves obtained of pressure drop versus mass flor rete. 
In every helical configuration, both steel and plastic, six inch 
leads were allowed at eaci end of the coii for connection to the 
pressure tans. in the calculations, the pressure drop of the one 
foot length was subtracted from the total measured oressure Grop 
of the corresponding helical specimen for the seme mass flow rete. 
In subsequent calculations, a now length was used, one foot shorter 
than she oritsinal tap to tep leneth.e in this manner, the end efe- 
fects of leads and tans wore renoved. This method is not cntirely 
accurate because the flow pattern in the tested one foot lensths 
vas probably not the sane as the flow pattern in the leccs during 
the helical tests. ‘iovever, the marnitude of the correction was 
small compared to te oversil pressure dronv ané ee resultant 
error would be negligible. 

wach steel sa@inile was run straight before it was coiled, to 


d 


the corresnondin’ streisit pipe curve. iInasuuck as the sam 


‘3 
ce 


piece of plastics was uged in all the picstic runs, only tyvo care 
parison runs were made w gente One was made at 


the pl-stic strai 
the boesinning and the other after the first reduction in length. 


The: checked within one per cent. 
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The direct res.lts of the investigation are values of fric- 
tion factor versus seynolds numoer. For the steel tubdins, tabu- 
lated results are found in Tables III to ViIT inclusive. Flotted 
results for the steel aro found in Figse 5-9. or the plastic 
test specimens, tabulated date appears in fables I.. to VY inclusive. 
eles. 10-19 show the plotted results for the plastic tubing. 

The £51 10a dimensionless perareters are used in the discussion 
of the results 

om - Ratio of friction faator for collod zspecinern 

to that of same specimen run straight 


tatio of helix Ciameter to tube diameter 


=, 

se 

fe 
ct 
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ifa, - Ratio of length of tube to tube diameter 


r/d, - Ratio of roughness (microinches) to tube 
diameter 


Re - “eynolds number 


Tne Darey equation, shorm below, was used to calculate f. 


z Pe 
An=t*® A pv 
dt 2 


Ap - pressure drop, 1bs/P+* 
£ - friction factor, dimensionloss 
ife, - ratio of lent: to dianeter of tube 
ye - mass density of fluid, slucs/euft. 


Vv - yvolosity, ft/sec. 
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the helSca. coil 


G2 wre Cigcwecion, but it 
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ap, ears dircotly in 


shovid h ve Deen usec r35 ons of the 


ccnvenient 


tne Derg euuticn. 


jon as to whether the number of turnz in 


rare n6tecs 


vas felt th t the use of L/dy and 2/4, 


ahasmuch ¢39 the former j.ers:eter 


{U4 -nd Dy, Gd, are givon, the numver of turns 1s defincd. 
seferances are ice throughout tne verort to curves of f versus 
3, for aifferent relative rouchnes.es, published by ood) (Uef. 1). 
In this work tocdy defines rei.itive roughness ag E/d, nere € is 
# length »rovortion.1 to the -ntvrna: whness of the ris. ia 
miei Correlates this retio with iliffersens ty:os of comyv-rical servile 


oS 


pipes. ia t2i3 investig he relation bet :rcen 


ne gue : 
r/dy and € /€, urises, ‘Shen the steel smiles ind the .lo--tic tubing 
were tested strzighnt, it wes found th t their curves of f varsu3 iia 
coincided very closely vith io0d:'s cucve: for a straignt ive ‘mers 
rd, wel set equezi to E/d,. Mee fects used es jurtific tion for 
rel-ting oody's rea cere ee Ot 212d ii, tis study. 

Wi) aseh HaG. 2 Vereate ic, ior bot: the 3te] aii tte lastic 
Pacey rere wovoars @ jot of i, verois Se. .. Com ii-ticn of these 
Seeeemeens os sO; tio stees in fir. “C, ead for the vi-stic in 
es we 

Reeve oiestic tubia, crossplots of 2 Versus iufdy we ear in 
Peres, ON oO icr Veynolds nuibers of 2,20, wae, me 
6U,000 respectivel;. Crossplets of h, versus Dy/ Ae ew -e.r for the 
See nades, 26 and 27 for the Veynolds nusders invierted. 4 
Commeitetion ci the curves from Figs. 2G end 27 ay-ecr in Wie. 26. 
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In evaluating the resulta of this investigation no attenpt 
was made to express any of the variations in analytic form. The 
relationship of ho with either Re or 1); seemed to follow no simple 
Law >» 

rig. 20 is a plot of ave versus ‘to for representetive values 
of r/a, for the steel colls. “ir. 21 shows 2 crossvlot of tg 
versus c/a, for fixed values of te. ‘“Joto that in these crossp_ots 
and in subse yuent onos, the plotted points are used to identif: the 
source of data and not to indicate exnerimental points. 


—“ 


A study of Tice 2i indicates that de siovs very little de- 
pendence on r/d, over tho ranze of relative rouchnesses covered in 
this report. No definite statement san be made concerning the trend 
of the variation bsesuss of tho seatter of the points. she smoothness 
of the curves throuch the oricinal experimental points justifies the 
belie? that the ranion neture of the points was not caused by errors 
in pressure measurin.«: tecrniquee it is felt thet the nimless dis- 
tribution was caused oy Linorance of the overall physical chsracter- 
istics of the steel test specimons. Althoush extreme care was teen 
in moeasurine the diameters of the tubine, the measuraizonta sould 
naturaily only be taime- at tie onds of tke tubes and no account could 
be made of the variation »°* dy glonr the lenrthe Similarly, the 
profilometer roucimesr retGings were token on samples cut off the ends 


of t16 Specimens antl “aé to >be trsen as representctive of the entire 


“ube+ The fact thet the variation of h, with r/d- was small can be 


Ss 


somewhat jiustificd by noting that for similar rances of “e and rel- 
ative roughnesses, Moody obtained only slight differencen of friction 
factor fron that of a amooth straight pipe. It must be borne in 
mind thet the small variation obtained ap vlies only to the narrow 
limits of this investigation. Again looking at soody's curves, 
and ascuming that the overall behaviour of the coiled tubes will be 
generelly similar, it can be expected that, for higher values of 
relative roughness or higher values of Re, the effeot of relative 
roughnesa on the pressure drop will be more pronounced. 

the use of the plastic tubing in the invostigation was very 
effective in cutting down the number of parameters upon which the 
pressure loss depended. By using the save picce of tubing for the 
runs involving different helix diemeters and different lencths, the 
factors of relative roughnoss and tube dismster worse hold constant. 
The effects of the remaining three parameters, L/dys Df dys end Re, 
could then be easily separated. 

Pigs 22 shows the variation of h, with se for the plastic coils. 
A very distinct minimum was recorded in every case in tne fe range 
between 7,000 and 11,000. There appears to be no obvious explanation 
for this phenomenon. 

Figs. 23, 2h, and 25 indiocate the variation of h, with L/a,« 
The results confirm what might have been suspected; thet is, there 
is no variation of bh. for different loncths of the same tubing. 


This linearity of pressure drop with length is the sar~m as is found 


n straight pipe theory and experiment. “his coneclision night bo 


aioe 


expected to hold for higher velues of L/a, than used in this staty, 
but tnere 4s doubt as to ita validity for lower values of mf PEicn 
7% 


involve a fraction of a turn. Jt is reasonabtle to asa:me tht, 
after a secondary flow has been established in a uniform, sxilet 
tube, it will continue unchanged and that the pressure loss will be 
linsar with length. <cdowever, tho mechanicn of establishin= tho 
flow in the first turn or turns is unicnown anc tho vrobabili tp of 


a variation of bh, v.05 if/d, in the lower ranre mist be concideres. 
< v 


Tuore was ea definite limitction to the lorer value of L/d, in t.is 


experiment. This was broucht ab ™t by the teehnicque of renwovinz> the 
enc effects as previously describec. ‘“s the lenet) of the *nolnc 

was decreased, the correction factor becano ® rreater cri crecter 
percentage of the total pressure drop, thus decreasing the accursscy 

of the results. 4 more refined tecinique for taprin: the test sneer 
imen itself for static pressure measurownt might alloy an investi- 
gation of the distance required for secondary flow devalowient. 

he secondary flow referred to above may be described 2s Pollovs. 


Consider the cross section of a eoiled tube. 
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4his epirel flow is sB.periuposed on the axial 


Saow the resi.ts of as VSe for various 
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points indicate the source 


of tne Gata and not expcrimentel pointse ue curvss indloctin. 
the verietion were drewn tarougn tis mean of the L/d, polntse kuese 


Curves were collected in Tic. 25 to oat. 
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wit sspect to 4 

w/t 4 As mame 
Dr/G., mekaelo : 


Bice 2). The widest 
pearsc at se 3,000. 


rates used to obtain 


the low flow retes were 


the 


would be the case at 


dn 6 oe te Jnal 


Om tucir relative vositions 


¢larity in emphesiging both the minimm 


observed inflestio: with respect to 


plot of hy va. o.,/d, aid 2e is g.own ia 
"LeSe 20 and 27 ap- 


Yoriation of tne points in 


This night be expected because of the low flow 


values of Ap corresponding to 


thenselves so 6.281] that an error in reading 


manometer xould be @ muc. higher parcentage or the total tan 


a higher flow rate. 


a. 23 giows “16% emily tho mintomc foun’ before 2a respes: 


b> we, Out Aso inaicetes an inficction of 2g wit respnct to 1/4. 
seis inflection is not evidont in the curves corresnoncin= to wye 
%Slae neagbers of 32,999 and 3,090, out is gaite clear in the cupves 
drawn for % 15,099 and hi -aer. Phe inflection occurs Atom vaiae 
of Dry, of mbout 22.5. “ashes and aefford, (Wf. 2, np. 232), 
Gucte sam ron.lts from extarimonts >be Brichtmore, (68. 3), in 


#110) inflections wish rebeect to D. /a words foun, »ut et alfferent 


% 
Vaiues of Dif, Peicit wre’ omnorimeat> werd med@® with &lbors 
iWetend or Till colds. it .s intercating toenote sao. ieee 
ror ‘leynolcs nivapers of 17,900 and above, there is oreecticelly -o 
Yearimbvon oF h_ wit Jd, To Liege rome .0 to 2255 

aie lee 5) & COMperison is made betyeen @ vbestic wail and tio 
isurations were Most neerly the sane 3s ths 
nlastic soil. ‘he anomalous resilt foallorxed that there was 2. ~reater 
nresgure drop in the nlastic coil than in the steel coil, the iatter 
asagimed to be tre rougher. %. nossi idle exnlanetion, disciscea prev- 
vusly ; th regerd to the variation of h, with r/a,. Sbaht lie in 

the fanat thet the <cinensiona of the steel tubin>e ware not ‘non 
emacuiy and thet the nlastic tubine was more unifor2 in its physical 
proverties than the steol. Tr asereoirent botween the plastic and 

$e Steel wea within ten ner cent. The inconsistency sean in “ir. 30 
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nite 21 Se016 to indtecte that 


nr 


COV it thie seatte™ oF woes ie 
monrovuci bility of rec its cith the steinloass steel tubin: techni@qs 


is poor. In tno otver and, all of the results in this exporiment 
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uSing, the plastic tubing are quite consistent. This facet further 
justifies the use of the plastic tubing in these tents. 

4% must be remembered thet this atudy covered only a linited 
field, and thus it is diffioult to extond any of the conclusions 
wiien were reachede Talis, of courso, sugrests further investicne 
tion over a wider renge of the indepondent peraretor3. wvwhhor vital 
conserns of the rooket motor designer are tho questions of orossure 
drop in coils of varying 3/4, which would be found around the 


throat of a rocket, and pressure drop in helical oolls w.0se exoss 


section is not oirculer. 
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fecalline that h,= D (i/a,s Die dys r/d.. @ » the conelusions 
reached in this inveoticetion are enwerated bolo. in eacl. tase 
whore ho is considgerecé ss a Tunction of one of the varisbles, it 


{s implied that the other v-riebles are hela constante 


~ 


i ay varies only sligitly with r/d, over tie rene of r/d, 
Pram 9-00005 to 0600920, and follows no consistcat tread. 


eh is indepencent of L/a, over tue range or -/d, from 77ed 


3- h&. is dependent on Re over the fe range of 3,900 to 100,000 

and has a minimum between the ‘eynolds numbers of 7,909 ond 11,960. 

The position of the :xAilnimun noves fran the lower to the higher value 
of Ro as D./d., decrenses fray 91.3 to 10.3. 


he he is @epondent on Ord. es t-e latter paracetor varies 
fron 10.9 to 31.3, decreasing cenorally as d/a, increases. “or 
values of Re of 15,909 and above, however, an inTloction ocours at 
D/d, eques to a nroximitely 22.5. -fter a very slisht inctteke, 
h, begins its downward trend acein at /d, equel to about 25.0. 
Over the rance of 2/4, fFor 20.0 to 2569, Ay can be considered 
constant (15,000 4e£109,090). 

5. 2he indepondence of h, with id, can be extended to valucs of 
i/d, ereater than those teated bus not to L/da, values less than 


those tested. 


6G» The plastics tubing, *“Jescolite*, was found to be quite 
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setisfactory for use in experimonts of this type if caution is 
used to *een the expansion within sllowable limits. 
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